The intention of this review is to place crop albedo biogeoengineering in the wider picture of climate manipulation. Crop biogeoengineering is considered within the context of the long-term modification of the land surface for agriculture over several thousand years. Biogeoengineering is also critiqued in relation to other geoengineering schemes in terms of mitigation power and adherence to social principles for geoengineering. Although its impact is small and regional, crop biogeoengineering could be a useful and inexpensive component of an ensemble of geoengineering schemes to provide temperature mitigation. The method should not detrimentally affect food security and there may even be positive impacts on crop productivity, although more laboratory and field research is required in this area to understand the underlying mechanisms.
Introduction
While there is consensus that dangerous climate change should be avoided, it seems increasingly unlikely that international agreement will be obtained soon enough to sufficiently reduce greenhouse gas emissions to achieve this. This realization has initiated the consideration of additional or alternative methods of mitigating climate change in the short term. Geoengineering (the intentional manipulation of the climate to counteract global warming) is becoming seriously considered for its potential to reduce the impact of anthropogenic climate change [1, 2] . Proposed geoengineering schemes fall into two categories: solar radiation management (SRM), in which the proportion of incoming solar radiation which is reflected by the atmosphere or land surface is increased, and carbon dioxide reduction (CDR), in which a fraction of the carbon dioxide (CO 2 ) in the atmosphere is removed in order to manage the outgoing longwave radiation balance.
Crop albedo 'biogeoengineering', outlined in this study, falls into the category of SRM geoengineering. The suggestion is that the reflectance of incoming solar radiation by crops could be increased, thereby providing regional cooling over areas where cropland is extensive [3] . This could be achieved by modifying crop leaf surface waxes, trichomes (outgrowths such as hairs), leaf variegation, modifying chlorophyll levels or altering plant morphology to maximize reflectivity, through selective breeding or appropriate choice of existing cultivar [3] , or using genetic modification (see also Freeman et al. [4] for an example where transgenics could be employed in a CDR scheme). The development of this idea firstly requires assessment of the likely level of mitigation achievable and whether it would be of sufficient magnitude to warrant implementation, and the investigation of any potentially detrimental impacts. Secondly, there is a requirement to characterize the current variation in albedo of existing crop varieties and the potential for breeding traits that could further increase albedo without reducing productivity. The initial studies to assess the potential of crop biogeoengineering have used coupled climate and vegetation models to quantify the degree of climate remediation achievable given estimated plausible increases in crop canopy albedo derived from related agricultural literature [3, 5] . Other geoengineering proposals have been investigated within similar climate modelling frameworks [6] [7] [8] . Laboratory and field-scale work is currently in progress to systematically characterize the reflectance and transmittance of existing crop varieties.
In this communication, we review the idea of crop biogeoengineering with the aim of putting it into a wider context of historical land-use change ( §2) and other geoengineering proposals ( §5). We look at the level of mitigation biogeoengineering could provide, as estimated by previous climate model studies, and possible impacts on crop productivity ( §4).
Historical land-use context
One of the largest changes to human society in prehistory which increased our impact on the environment was the Neolithic (agricultural) revolution approximately 10 000 years ago. The movement from hunter-gatherer to sedentary farming societies resulted in surplus food production and enabled higher population densities. Large-scale conversion of natural environments to land suitable for cultivation (mainly through deforestation and irrigation) occurred gradually over thousands of years. It has been estimated that cropland occupied roughly 1 per cent of global ice-free land area by AD 1000 [9, 10] , although the percentage was likely to be much higher in Europe by this time [11, 12] . In the last few centuries, the rate of land conversion rapidly increased so that by AD 2000 global cropland occupied roughly 11 per cent of the land surface, and pastureland 24 per cent (figure 1).
These historic and prehistoric changes in land use have had an impact on ground albedo and increased atmospheric carbon dioxide levels. For example, land-use change in recent decades (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) has, by one estimate, resulted in a net source of carbon dioxide of 1.5 ± 0.7 Pg C yr −1 [13] , contributing to global warming. However, grass and cropland has a higher albedo than forests and woodland [14] . The surface radiative forcing resulting from deforestation has been estimated to be −0.2 ± 0.2 W m −2 [15] , since forests and natural vegetation have typically low albedos in comparison with extensive grass and cropland. Experiments with climate models suggest that conversion of natural vegetation to agricultural land in the industrial era (since 1700) resulted in a cooling of 0.09-0.22
• C [16] , and has moderated greenhouse-gas forced temperature increases over the last century by about 0.1
• C. Land-use change additionally modifies surface roughness, soil moisture and evapotranspiration; all of which influence local and global climates.
In the coming decade, it has been predicted that further land-use change will increase cropland area extent by 0.25 per cent per year (calculated using figures from the Food and Agriculture Organization of the United Nations [17] ). While crop yields have also increased, these have only just managed to keep up with population growth [18] and wheat yields in many countries have plateaued since 2000 [19] . Food production systems are becoming increasingly vulnerable, and are likely to become further stressed owing to future climate change [20] . In considering the challenges of climate change and global food supply in future decades, it may be the case that through the careful choice of crop varieties one could mitigate a proportion of global warming and improve the security of food production. These two aspects of crop biogeoengineering have been examined using global climate models [3, 5] , the results of which are outlined in §4.
A final note related to historical context is that while crop albedo biogeoengineering is a relatively new idea, the modification of crops has occurred unintentionally and intentionally since the Neolithic origin of agriculture, so as to maximize food production. There is archaeological and genetic evidence of early selective breeding to optimize for various properties, such as to increase grain/fruit/vegetable size and/or improve taste (e.g. maize [21] , brassicas [22] ), indehiscence to aid harvesting [23] , reduction of toxicity [24] , or more recently to increase disease and pest resistance [25, 26] . This has led to plants that are already far from 'natural'. However, to date, the optimization of crops has not directly been concerned with climate remediation. Biogeoengineering would therefore be one further facet for consideration in the breeding and selection of crop cultivars, and may be thought of as an enhancement of a pre-existing practice. (dark orange) [28] , and (b) typical spectrally resolved leaf reflectance (adapted from [27] ).
Basis of crop biogeoengineering
The simple premise behind crop biogeoengineering is that different cultivars of the same species of crop can display very different albedos, and therefore the large-scale replacement of cultivars with ones that are more reflective could provide a significant seasonal cooling [3] . Crop canopy albedo is the sum of reflection, absorption, and transmission of leaves and stems. Within the leaves strong absorption takes place in the photosynthetically active region between 400 and 700 nm ( [27] ; figure 2b), which is also the portion of the incoming solar spectrum with the highest irradiance ( [28] ; figure 2a ). In the near infrared (NIR) reflection is high and absorption is limited to cellulose, lignin and other structural compounds. There are strong absorption peaks by water in leaves in the middle infrared which can clearly be seen from the reflectance spectrum. The calculation of albedo is usually integrated from ultraviolet (UV) to infrared wavelengths of the spectrum [29, 30] .
There are several plant characteristics that can vary to produce different albedos between crop varieties, mentioned in §1. Here, we discuss three in more detail. Firstly, canopy morphology (the arrangement and size of the leaves and stems) has been found to influence albedo and is particularly important for maize, previously measured to vary between 0.16 and 0.24 [31] . Secondly, leaf trichomes, such as hairs or papillae, affect reflectivity. Pubescence (i.e. hairiness) has been shown to increase the reflection of longer, photosynthetically active wavelengths [32] . Thirdly, crop albedo may be modified through leaf glaucousness or waxiness. Studies demonstrate that glaucous leaves are more reflective than non-glaucous ones [32, 33] . Glaucousness is found in a number of plants and may confer different advantages for different environments, not all of which relate to reflectance properties. For example, as well as reducing UV-B damage, glaucousness has been suggested as reducing leaf temperature, increasing precipitation throughfall rates to improve water availability in water-stressed environments, or to improve frost resistance in colder environments [29] .
The thickness, chemical composition and three-dimensional crystal structure of surface waxes are known to control reflectivity [34] . Stem and leaf wax loads have been found to vary by as much as a factor of 2 in certain crops [35, 36] , producing significant variation in reflectances at UV, visible and NIR wavelengths [29, 36] . At the leaf level variation in reflectance has been found to be as large 0.16 (in varieties of sorghum wheat [34] ), although at canopy level this decreases. Given the large difference in albedo-controlling characteristics of crop varieties, it is plausible that the replacement of current crop varieties with high-albedo ones would be feasible in the near term and achieved at relatively little expense. In particular, understanding of cuticular wax is relatively high and may make possible further increases in reflectivity by selective breeding or genetic modification of leaf wax properties [37] .
Crop albedo is not dependent solely on the leaf properties, but also on latitude, season, harvest timing, orientation of crop rows and underlying soil characteristics, for example. However, the existing literature hints that further investigation of biogeoengineering is warranted. It is important to note that biogeoengineering does not involve the suggestion of replacing one crop with another (e.g. replacing wheat with cucumbers). The disruption to global food production would be too great [3] , even though the albedo modification would be larger than by replacing cultivars of the same crop species. Therefore, the potential for increasing albedo is relatively modest (approx. 0.04-0.1) in comparison with those geoengineering schemes that change surface type (e.g. deserts replaced by white plastic [38] ). However, the coverage of cropland is so extensive that the impacts on temperature would affect a large area. The most extensive agricultural land is in Europe, South Asia and North America (figure 3) and these regions are where the largest impacts of crop biogeoengineering would be seen [3, 5] .
Assessment with climate models
Evaluating the potential of biogeoengineering requires complementary laboratory and field research to quantify crop albedo variability and potential for selective breeding, as well as computational efforts to simulate the impact of local-to global-scale implementation. Prior to the undertaking of empirical evaluation, general circulation models (GCMs) have proved a useful tool to assess the impacts of an idealized global application of biogeoengineering [3, 5] . The benefit of using GCMs for this sort of research is that many complicating factors, such as the heterogeneity of cropland coverage (figure 3a), cloud cover feedbacks and latitudinal/seasonal variation in insolation, are accounted for within the model structure. This section reviews the simulated impacts of biogeoengineering on temperature, the hydrological cycle and vegetation productivity derived from GCM studies.
(a) Impacts on energy balance and temperature
Emissions of carbon dioxide have increased global radiative forcing (a measure of the impact a factor has in altering the balance of incoming and outgoing energy in the Earth-atmosphere system). The net effect of human activities since the industrial revolution (AD 1750), including increased carbon dioxide emissions and surface albedo modification due to changes in land use, has been a net radiative forcing increase of +1.66 (+0.6 to +2.4) W m −2 [15] . Several studies have estimated the reduction in radiative forcing due to various surface albedo increases. For example, Dong & Sutton [39] calculated a 0.59 W m −2 radiative forcing decrease by increasing grassland albedo by 25 per cent. Another study combined increases in grassland, cropland and urban albedos to estimate that a total reduction of 1 W m −2 may be possible [2] . By comparison, the change in net radiation flux at the top of the atmosphere given a 20 per cent (0.04) increase in cropland albedo calculated with a coupled ocean-atmosphere-vegetation GCM [5] is of a similar magnitude, 0.2-0.3 W m −2 . When various degrees of crop albedo increase have been prescribed in a GCM, from a conservative 10 per cent (0.02) to an unrealistic 100 per cent increase (0.2), the relationship between cropland albedo and global cooling is linear (figure 3b) over this range [3] . A 100 per cent increase would produce sufficient cooling (approx. 0.5 K) to roughly offset global warming during the twentieth century. A more realistic 20 per cent (0.04) increase in albedo produces only a small decrease in the global annual mean temperature (approx. 0.1 K). However, previous studies have found that the seasonal and regional mitigation has greater potential than considering the global average [3, 5] . The impact would be largest over Northern Hemisphere mid-latitudes, where cropland is most widespread (figure 3a), during Boreal summer (figure 3d). The average summertime cooling over Europe due to a 20 per cent increase in crop albedo has been estimated to be 1-1.6 K [3, 5] . One would also expect a concurrent reduction in frequency and severity of extreme high temperature events in summer.
Such levels of mitigation would not occur uniformly over all regions with high cropland densities. In South Asia (India and China), simulations produced no significant decrease in temperature during summer. In monsoon systems, feedbacks in the hydrological cycle, especially cloud cover, may negate the impacts of increasing the surface albedo (explained further in §4b). In these regions the majority of the cooling could be experienced in the winter months instead (figure 3c). In the Southern Hemisphere, the lack of large swathes of dedicated cropland would result in minimum temperature mitigation via this method. Here, implementation of similar albedo increases to the more extensive pasture and grasslands may be more effective [40] .
One potentially difficult aspect to assessing the efficacy of such schemes, if implemented, would be obtaining evidence of statically significant changes at a regional level, when taking into consideration natural climate variability. The cooling described above is small and seasonal in comparison with variability caused by other natural and anthropogenic factors. Within a modelling framework, the effect of natural variability can be minimized by taking long averages over several decades, which would not be practical following realworld application. There are also strongly coupled ocean-atmosphere-seaice processes [39] in the North Atlantic region by which anomalies can be teleconnected and amplified, via storm tracks, the North Atlantic Oscillation and meridional planetary wave perturbations. In addition, the sensitivity of the climate system to biogeoengineering may depend on the background climate state. One modelling study found the sensitivity to biogeoengineering to be greater at doubled modern CO 2 levels than modern or quadrupled levels [5] . Meridional teleconnections from mid-latitudes up to the Arctic (which can be seen in the temperature anomalies of atmosphere-only simulations in figure 3e) influence seaice extent to a greater extent in the double CO 2 state, causing significant cooling over the Arctic in addition to that directly over cropland areas (figure 3c).
(b) Impacts on the hydrological cycle and vegetation
There are strong feedbacks between temperature and the hydrological cycle. Temperature anomalies can induce cloud cover changes, which then exert a secondary impact on surface temperatures through longwave and shortwave radiative flux changes or through latent heat flux changes. In previous modelling studies where surface albedo has been increased this has led to either overall heating [41] or negligible cooling [42] . The non-uniform nature of biogeoengineering may also lead to changes in atmospheric circulation and consequently to the hydrological cycle. One region that experiences these secondary effects in the modelling studies of biogeoengineering performed so far is South Asia [5] . As outlined in §4a, there is no significant temperature reduction in summer from specifying higher crop albedos in these areas. This is because in late spring land heating is reduced owing to higher surface albedos, particularly over India. As a result there are large reductions in convective cloud cover over land in spring and summer. The subsequent increase in downward shortwave radiation at the surface (up to 5 W m −2 higher) counteracts the initial cooling influence of the biogeoengineering. Following the decrease in convective cloud cover, there is also substantially decreased summer monsoon precipitation over India and China (figure 4b). Similar decreases in summer precipitation may occur over the East Sahel region, which does not have high land fractions dedicated to cropland, but sufficient to have some impact together with the monsoonal influence due to the changes over India.
Biogeoengineering in Western Europe, on the other hand, may produce both cooler temperatures and increases in precipitation [5] due to intensification of summer storm track activity. In this region, higher levels of precipitation drive higher evapotranspiration rates. However, the surface water balance becomes more positive overall, resulting in higher soil moisture levels throughout the year ( figure 4c,d) . Models suggest that the increased availability of water in Europe may produce higher rates of net primary productivity of crops [5] . By contrast, in tropical regions of South Asia and the Eastern Sahel decreases in annual soil moisture and decline in productivity may result. While the impacts for mid-latitude Europe present several potential benefits in terms of temperature mitigation and crop production, the benefits for those regions surrounding the tropical Indian Ocean seem to be negligible. These modelling studies demonstrate the need to consider not just the impact of such geoengineering proposals on global mean temperature, but also the disparate regional impacts on the hydrological cycle and the implications for such issues as food security.
Biogeoengineering in a geoengineering context
The comparison of different geoengineering proposals has generally been achieved by considering the costs, side-effects, risks and cooling potential [1, 2, 43] . To facilitate this, schemes tend to be grouped, by the process by which they influence the Earth's energy balance, into either CDR (impacts the longwave radiation balance) or SRM (impacts the shortwave radiation balance) schemes. Crop biogeoengineering falls into the latter category of SRM. Biogeoengineering is generally considered a low-risk but low-impact option compared with other geoengineering options [1] . The maximum radiative forcing effect of crop albedo bioengineering is around −0.2-0.3 W m −2 ( §4a). This is approximately 10 per cent of the potential of a SRM space-based reflector [2] . However, biogeoengineering is comparable to afforestation in magnitude (−0.49 W m −2 ) and has a greater potential than urban albedo modification schemes (−0.05 W m −2 ) and iron fertilization (−0.11 W m −2 ) [2] . Clearly crop albedo climate engineering would need to be used in conjunction with other techniques, including conventional mitigation, in order to produce meaningful global cooling.
The possibility of detrimental displaced climate effects (some described in §4) is uncertain and will require further investigation [5] but similar or greater unfavourable climate impacts may be caused by other SRM methods [6] . Equivalent unintended environmental effects may also result from CDR schemes such as ocean fertilization or biomass sequestration. Indeed, climate modelling suggests that food production in some regions may actually be enhanced by crop albedo bioengineering compared with land-based CDR, such as biofuel production. Although biofuels have been promoted for their large potential saving of fossil fuel [44] their impact on food security could be severe if their production was favoured over food production. Similarly, significant afforestation could encroach on arable land, creating a conflict of interests. High-albedo crop plants have the advantage for food security that they need only be a different variety of the same food crop to create a significant localized cooling.
The risk to natural ecosystems by crop albedo climate engineering is also minimal. Cropland has already been altered by humans (see §2), and substitution of one variety of wheat for another is unlikely to significantly affect the land. By comparison, the impact to the ecosystem of desert albedo schemes is likely to be high [1] . Other proposed schemes involve the intentional modification of natural ecosystems, such as geoengineering peatlands to increase their carbon sequestration potential discussed in this Discussion Meeting Issue [5] . Because crops are not perceived as 'wild' or 'natural', the public may be initially more willing to use cropland to counteract climate change than, for instance, peatland or desert areas. If a combination of geoengineering approaches were used, there may also be some potential for synergies. High-albedo crops could for instance be used in conjunction with methods to increase soil carbon sequestration on degraded farmland. Soil carbon sequestration could potentially sequester up to 1 tonne C ha −1 yr −1 and increase yield by up to 20-40 kg ha −1 for wheat [45] . If high crop albedo and soil carbon sequestration techniques were employed together, they could form an effective short-term combined CDR-SRM technique.
Combining geoengineering methods could, conversely, create land-use conflicts. The Royal Society report on geoengineering [1] suggests that low-grade agricultural land could be used for afforestation. However, afforestation of low-grade agricultural land may also affect surface albedo [46] . Given that crop albedo biogeoengineering and afforestation have similar radiative forcing when considering their intended effects, the choice of whether to use low-grade agricultural land for afforestation or crop albedo biogeoengineering may be a question of priorities. High crop albedo would provide a short-term store of carbon and an immediate mitigation of temperature rises. Afforestation of cropland would probably decrease the albedo in the short term, which may increase local temperatures [46] , but would store more carbon in the medium term (or long term if subsequently used as biochar). It is important to communicate that this is not an advocation of turning forest into cropland, as this would probably produce a net increase in radiative forcing owing to the release of wood and soil carbon [45] . As well as looking at the scientific aspects of geoengineering proposals, research has begun to examine the social aspects of geoengineering. The Oxford [47] and Asilomar [48] principles are recently formed recommendations for ways of working to create geoengineering solutions, which are transparent and equitable. They are concerned with: regulation and governance; open and accessible research; public consultation; and robust assessment of impacts. These principles seem to be aimed towards managing large-scale global geoengineering and it is less certain to what extent they are applicable to regional climate engineering proposals. For example, adherence to the principles of responsible governance and public consultation would be more easily achievable for biogeoengineering than for space-based reflectors, owing to the local implementation, regional impacts and pre-existing agricultural regulation, compared with the international cooperation and consultation required in order to put solar reflectors in space and the global impacts (table 1) . Crop biogeoengineering and afforestation have many similarities in their adherence to the Oxford/Asilomar principles.
There are significant disparities for geoengineering schemes in their potential for adhering to these derived principles for ethics and governance. The perception of individual schemes may also influence future research, and for this reason crop albedo biogeoengineering may not benefit from its categorization as an SRM technique. Geoengineering proposals grouped together are often very different in scale, effect and risk. SRM geoengineering is frequently discussed as synonymous with space-based reflectors or stratospheric aerosols [1] . Other less radical SRM proposals, such as biogeoengineering, are at risk of being discounted along with space-based SRM, or disregarded altogether because of this association.
Discussion
Biogeoengineering research is in its infancy. Based on modelling studies, it appears to present a low-cost and low-risk method for providing regional climate change mitigation. Its application would probably be more easily achieved than most other geoengineering schemes since cropland is extensive and is an already anthropogenically altered habitat. Empirical research is now required to characterize varieties of various crops for their biogeoengineering potential. This is presently being undertaken for wheat, which is currently the most widely grown crop globally and therefore a good prospect for significant impact. Importantly, the potential indirect cost in loss of yield from lesser disease or drought resistance has been raised as a question [1, 37] and needs to be examined simultaneously to the radiative properties of crops. Ideally, high-albedo crops should equal or better the operational yield of current versions. The potential to achieve this has been questioned [49] , if reflectivity in the photosynthetically active region is increased as a result.
The effects on yield may well be dependent on the method by which crop albedo is increased (using canopy morphology, leaf trichomes, or glaucousness; see §3). Taking glaucousness as an example, it has been observed that wheat strains with higher levels of surface waxiness were higher yielding under water stress [36, 50] . Similar results have been found for varieties of barley under various conditions [33] . This is often attributed to reduced leaf heating and consequent reduction in evapotranspiration [51] , but there is currently incomplete understanding of how glaucousness increases yield and drought resistance [50] . Studies also suggest a range of responses in disease and pest resistance to glaucousness. Glaucous leaf surfaces have been recorded as more susceptible to aphids [52] and powdery mildew [53] . On the other hand, super-hydrophobic leaf wax surfaces can 'self-clean' pathogens from their surfaces as a defence mechanism [54] . Since glaucousness can increase the leaf hydrophobicity and create very hydrophobic surfaces, the net disease resistance effect could be positive. Clearly, more research is needed to clarify the drought and disease resistance of glaucous crops. However, it seems likely that albedo could be increased without necessarily affecting crop performance. One further point is that, as an SRM method that does not influence atmospheric CO 2 concentrations, biogeoengineering could potentially benefit from the CO 2 fertilization effect to increase crop productivitiy as CO 2 levels rise in the near future. However, we would not advocate only using SRM methods on this basis, as this would ignore other important detrimental impacts of increasing CO 2 emissions such as ocean acidification.
Predicted increases in inter-annual variation can result in a grain yield decrease equal to a 3 K increase in the mean temperature [55] . Lower summertime temperatures provided by increased crop albedo could reduce the damaging effect of increased inter-annual variation, making the provision of food security easier. Further, if the increased crop albedo resulted in increased summertime precipitation, as found for Europe ( [5] , §4b), there could be an additional benefit. The central estimate of probabalistic model changes in UK summer precipitation by the 2080s under a medium emissions scenario is for overall drier conditions: -40 per cent in southern England to virtually zero change in northern Scotland [56] . The UK Environment Agency expects increasing water pressure through increased demand and a drop in UK precipitation because of climate change [57] . A summertime increase in precipitation owing to increased crop albedo could help reduce crop water stress and water shortages for some regions (but not for all regions of high-density cropland; see §4b).
There is certainly promising scope for further investigation of crop biogeoengineering. High-albedo crops could achieve significant seasonal climate mitigation, although it is probable that implementation would not produce equal benefits for all cropland regions. The logical next steps for developing this idea are laboratory and field-scale evaluations of crop cultivar characteristics. This should not just involve radiative transfer qualities, but also the impact on water use and disease resistance, with an emphasis on maintaining or enhancing crop yields. At the field scale it will be important to assess the additional influence of farming practices such as crop rotation, row orientation, irrigation and spraying of pesticides on radiative and other characteristics. Implementation of biogeoengineering could take place at a national scale, and therefore, in conjunction with experimental laboratory and field studies, further regionalscale climate model studies with more detailed agricultural parametrizations (e.g. harvesting) will also be essential to examine climate impacts that may cross national boundaries via climate teleconnections. It is also crucial that ample consultation with the public, farming community and policy-makers takes place to assess acceptability of different ways by which biogeoengineering could be achieved.
